Two new loci, irrB and irrI, have been identified in Deinococcus radiodurans. Inactivation of either locus results in a partial loss of resistance to ionizing radiation. The magnitude of this loss is locus specific and differentially affected by inactivation of the uvrA gene product. An irrB uvrA double mutant is more sensitive to ionizing radiation than is an irrB mutant. In contrast, the irrI uvrA double mutant and the irrI mutant are equally sensitive to ionizing radiation. The irrB and irrI mutations also reduce D. radiodurans resistance to UV radiation, this effect being most pronounced in uvrA+ backgrounds. Subclones of each gene have been isolated, and the loci have been mapped relative to each other. The irrB and irrI genes are separated by approximately 20 kb of intervening sequence that encodes the uvrA and pol genes.
Members of the family Deinococcaceae are distinguished by their extraordinary resistance to the lethal and mutagenic effects of many DNA-damaging agents, including mitomycin, UV, and ionizing radiation (16, 24) . For example, an exponential-phase culture of Deinococcus radiodurans R1 can withstand 5,000 Gy of y radiation without loss of viability (20) . The capacity to survive such massive insults to their genetic integrity suggests that the Deinococcaceae have evolved distinctive mechanisms of DNA damage tolerance, and available evidence argues that efficient DNA repair is an integral part of this tolerance. The enzymology of the deinococci's DNA repair processes is poorly understood, however.
Studies of D. radiodurans R1 have shown that DNA damage resistance is, in part, mediated by the activities of two endonucleases, designated a and 1 (6, 19) . Endonuclease a assists in the repair of a broad range of DNA damage, and this enzyme appears to be functionally analogous to the ABC excinuclease of Escherichia coli (19) . Until very recently, it was believed that endonuclease a was encoded by two genes, mtcA and mtcB, but Minton has reported (12, 13) that the mtcAB region of D. radiodurans is a single gene that encodes a protein that is homologous with the UvrA protein of E. coli. Mutational inactivation of the uvrA locus of D. radiodurans renders cells sensitive to the lethal effects of mitomycin and hypermutable to simple alkylating agents such as MNNG (N-methyl-N'-nitro-N-nitrosoguanidine). Experimental evidence indicates that endonuclease a is the product of the D. radiodurans uvsC, uvsD, and uvsE genes. This repair protein has a substrate specificity narrower than that of endonuclease a, however, and may be a pyrimidine dimer-specific endonuclease. Cell extracts of D. radiodurans that exhibit endonuclease 13 activity have been shown to catalyze the initial incision necessary for the removal of pyrimidine dimers (7) . The two endonucleases have overlapping activities, and both proteins must be inactivated to prevent the excision of UV-induced DNA damage (6) . uvrA uvs double mutants are sensitive to UV light, whereas strains that carry only a uvrA or uvs mutation exhibit wild-type levels of UV resistance. Specific processes that mediate the repair of ionizing radiation-induced DNA damage in the deinococci have not been described. Endonucleases at and 1 do not appear to play an essential role in ionizing radiation resistance, since uvrA uvs double mutants are nearly as resistant to -y radiation as D. radiodurans R1 (6) . Mutational inactivation of the pol or rec loci of D. radiodurans R1 results in strains that are ionizing radiation sensitive (IRS) (8, 9, 14, 17) , but these strains are also sensitive to mitomycin and UV light, indicating that the pol and rec gene products are involved in repair pathways common to all three types of DNA damage. The pol and rec gene products of D. radiodurans have recently been shown to be homologs of E. coli DNA polymerase I (9) and RecA protein (8) , respectively. Other defects associated with IRS strains of D. radiodurans have not been characterized.
As a first step toward developing a better understanding of the deinococci's remarkable radioresistance, we have screened 45,000 MNNG-mutagenized colonies of D. radiodurans 302 for sensitivity to ionizing radiation. This screen led to the isolation of 49 IRS strains. We report here the initial characterization of two IRS strains that have been designated IRS18 and IRS41. Each strain carries a unique and previously undescribed defect that severely impairs the ability of D. radiodurans to survive exposure to ionizing radiation.
MATERMILS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are listed in 6 ,000 Gy. Three days after irradiation, the plates were scored for restoration of ionizing radiation resistance within the area where the DNA had been dotted.
Chromosomal DNA isolation. TGY broth (200 ml) was inoculated with a 2-ml overnight culture (2 X 10' CFU/ml) of D. radiodurans. After 48 h, the 200-ml cultures were harvested by centrifugation at 4°C at 3,000 X g for 15 min. Pellets were resuspended in 20 ml of 95% ethanol and held at room temperature for 10 min to remove the outer membrane of D. radiodurans. The ethanol-stripped cells were collected by centrifugation at 4°C at 3,000 X g for 15 min, and the resulting pellet was resuspended in 9 ml of TE buffer (10 mM Tris-HCl, 0.1 mM EDTA; pH 8.0). Two milligrams of lysozyme (Sigma Chemical, St. Louis, Mo.) was added to stripped cells, and this mixture was incubated at 37°C for 30 min. A 0.5-ml volume of 10% sodium dodecyl sulfate and 50 ,ul of proteinase K (Sigma Chemical) (20 mg/ml) were added to lysozyme-treated cells, and the mixture was incubated for 12 h at 56°C. Lysed cells were transferred to a centrifuge tube and extracted once with an equal volume of phenol-chloroform (1:1) and twice with equal volumes of chloroform-isoamyl alcohol (24:1). The DNA was precipitated by adding 1 ml of 3 M sodium acetate (pH 7.0) and 20 ml of ice-cold 100% ethanol to the extracted material. The DNA was spooled out with a curved glass rod and washed twice with 70% ethanol. The DNA was air dried, dissolved in 5 ml of TE buffer (pH 8.0), and stored at 4°C.
Construction Pattern of growth on an IRS18 plate dot transformed with 500 ng of chromosomal DNA from strains IRS41 to IRS47. Following replica plating, the IRS18 lawn was exposed to 6,000 Gy of y radiation. Areas of growth indicate successful transformation to ionizing radiation resistance.
with Gigapak-XL in vitro packaging extract (Stratagene Cloning Systems) and transfected into E. coli NM554. Successfully transfected cells were selected on Luria-Bertani plates containing 50 jig of ampicillin per ml. The titers obtained from ampicillin selection indicated that there were at least 66,000 cosmid clones per jig of size-fractionated DNA. Restriction digestion using NotI and EcoRI on randomly selected cosmid clones revealed that the insert sizes ranged from 38 to 42 kb.
Cosmid DNA was isolated by an alkaline lysis protocol (3).
Survival curves. Only D. radiodurans cultures in exponential growth phase were evaluated for their ability to survive UV or ionizing radiation. To measure ionizing radiation resistance, cultures were divided into 1-ml aliquots, placed in Eppendorf tubes, and exposed to a 60Co source with a dose rate of 20 Gy/min. The sample chamber of the irradiator used is a cylinder that is 150 mm in diameter and 50 cm long. The 6Co source surrounds the sample chamber during irradiation. For each irradiation, samples were placed at the positions along the length of the sample chamber where optimal dose rates could be achieved. The sample chamber was held at 22°C during irradiation. Cells were removed from the source after the desired accumulated dose was achieved. Irradiated cells were diluted, plated in triplicate on TGY agar plates, and incubated for 3 days at 30°C before survivors were scored.
Survival following exposure to UV light was evaluated by plating appropriate dilutions of D. radiodurans cultures on TGY agar and irradiating the surface of each plate with a germicidal lamp.
Subcloning the irrI locus. The cosmid pPO1 was restricted with either EcoRI or NcoI. The resulting fragments were ligated into compatible sites on pACYC184. Subclones carrying the irrI+ locus were identified by their ability to restore irrI mutants of D. radiodurans to ionizing radiation resistance following dot transformation. RESULTS D. radiodurans and dot transformation. Dot or in situ transformation is a technique that has been used to facilitate genetic manipulation of Acinetobacter calcoaceticus (11) radiodurans R1. Once plated cells had grown into a lawn, the lawn was replica plated onto TGY agar containing 50 ,ug of streptomycin per ml. Following a 2-day incubation, the only colonies that appeared were those successfully transformed to streptomycin resistance within the area where the transforming DNA was dotted (Fig. 1A) .
IRS strains ofD. radiodurans. A large yield of mutants of D. radiodurans can be generated by treating D. radiodurans 302 with the alkylating agent MNNG (25) . Strain 302 is approximately 50 times more mutable than the wild-type R1 strain following MNNG treatment because it is a uvrA mutant (i.e., it carries a defect in endonuclease cx). This defect prevents effective repair of base damage caused by the alkylating agent. We have screened 45,000 MNNG-mutagenized colonies of strain 302 for sensitivity to 5,000 Gy of ry radiation and have identified 49 IRS strains. To our knowledge, this is the only large-scale screen for IRS mutants of D. radiodurans that has been reported. The mutant strains recovered were designated IRSlito IRS49.
IRS18 and IRS41. During preliminary characterization of the IRS strains, it was noted that IRS18 and IRS41 exhibited <1% survival relative to their parent strain following administration of 6,000 Gy of y radiation. The mutations responsible for the sensitivity of IRS18 and IRS41 to ionizing radiation differ from each other and are unique within the collection of IRS strains isolated. This was determined by testing whether chromosomal DNA isolated from other IRS strains could restore IRS18 or IRS41 to wild-type levels of radioresistance in a dot transformation protocol similar to that described above. Freshly spread cultures of either IRS18 or IRS41 were dotted in separate locations with 2.0 pug of chromosomal DNA from the other IRS strains. The resulting lawn was replica plated onto a TGY plate and -y irradiated at 6,000 Gy to select for cells transformed to ionizing radiation resistance. The restoration of radioresistance, as evidenced by heavy growth within the area of the dotted DNA (Fig. 1B) Fig. 2 and 3 , respectively. Both strains were substantially more sensitive to ionizing radiation than strain 302. For example, approximately 10% of the IRS18 culture (Fig. 2) and 1% of the IRS41 culture ( Fig. 3 ) survive exposure to 3,600 Gy of y radiation, whereas 86% of the 302 culture survives (Fig. 2 and 3) . The shoulder characteristic of wild-type strains of Deinococcus was missing from the survival curves of IRS18 and IRS41. At radiation doses of between 2,000 and 8,400 Gy, IRS41 was approximately 10-fold more sensitive than IRS18 at a given dose.
The influence of a uvrA mutation on the IRS phenotype of IRS18 and IRS41. Since IRS18 and IRS41 are derived from strain 302, they are sensitive to mitomycin as well as ionizing radiation. To determine whether the lack of the uvrA gene product contributed to the IRS phenotype observed, IRS18 and IRS41 were transformed to mitomycin resistance and then screened for ionizing radiation resistance. Transformation to mitomycin resistance was accomplished by using plasmid pUE58 (1) . This plasmid contains a 5.6-kb subclone that encodes a portion of the wild-type uvrA locus that restores mitomycin resistance to derivatives of strain 302 but not to strain 262. This plasmid cannot replicate in D. radiodurans, and restoration of mitomycin resistance requires homologous recombination between plasmid and chromosomal DNA (1). pUE58 was linearized and added to competent liquid cultures of IRS18 and IRS41. Linearization was necessary to ensure that only double crossover events would give rise to the mitomycin-resistant transformants. Successful transformants were selected by plating transformed cultures on TGY agar containing 60 ng of mitomycin per ml. Resistant colonies were patched onto fresh TGY plates and screened for resistance to 6,000 Gy of y radiation. The results of this screen are summarized in Table 2 . It was possible to obtain mitomycin-resistant transformants that remained IRS from both IRS18 and IRS41, suggesting that the MNNG-induced mutations introduced into these strains were solely responsible for the IRS phenotype observed. Mitomycin-resistant derivatives of IRS18 and IRS41 were designated IRS181 and IRS411, respectively. Since the biochemical nature of the defects in the IRS strains is unknown, wild-type loci identified by mutational inactivation in J. BAcriERIOL. these strains were designated irr (for ionizing radiation resistance). Separate irr genes were identified by a letter code. The wild-type loci inactivated in IRS181 and IRS411 were designated irrB and irrI, respectively. The mutant alleles found in these strains are referred to as irrBl and irrIl. IRS181 and IRS411 remained IRS, and representative survival curves are depicted in Fig. 2 and 3. IRS18 (Fig. 2) was clearly more sensitive to ionizing radiation than IRS181 (Fig.  2) , its uvrA+ isogenote. When exposed to doses of ionizing radiation of less than 3,000 Gy, IRS18 and IRS181 behaved similarly, but at doses in excess of 3,000 Gy the presence of the wild-type uvrA gene product enhanced survival. IRS41 and IRS411 exhibited virtually identical survival curves (Fig. 3) , showing no evidence that the uvrA gene product influenced ionizing radiation resistance in an irrI background.
Mapping the irrB and irrI loci. As illustrated in Table 2 , only 80% of the mitomycin-resistant transformants derived from IRS18 were sensitive to ionizing radiation, whereas all mitomycin-resistant transformants derived from IRS41 were IRS. This indicated that portions of the uvrA+ and irrB+ genes were located within the 5.6-kb fragment cloned into pUE58 and that the ionizing radiation-resistant recombinants were the result of cotransformation of these loci. Since only IRS18 was transformed to ionizing radiation resistance with pUE58, the irrI locus was assumed to be outside the pUE58 fragment. In an attempt to map the positions of irrB and irrI relative to each other, a pWE15 cosmid library was screened by dot transformation for clones capable of restoring ionizing radiation resistance to IRS181 and IRS411. The first cosmid found, pKU1, restored IRS181, but not IRS411, to ionizing radiation resistance (Table 3 ). This cosmid failed to restore ionizing radiation resistance to any of the other 48 IRS strains (data not shown) or to the pol mutant UV17. pKU1 also restored mitomycin resistance to the uvrA strains, 302 and 262 ( Table  4 ), indicating that the irrB and uvrA loci were located within this cosmid's 40-kb cloned insert and that the irrI and pol loci were found outside this region of the chromosome.
A second cosmid, pPO1, that restored IRS411, UV17, and IRS34 to ionizing radiation resistance was identified (Table 3) . It did not restore radioresistance to any other IRS strain (data not shown). Although the mutation responsible for IRS34 has not yet been characterized, the gene inactivated does not appear to be related to the irrI or pol genes (29) . pPO1 also transformed strain 262 to mitomycin resistance, but, in contrast to pKU1, it did not restore mitomycin resistance to strain 302, indicating that the DNA sequences of the inserts found on pKU1 and pPO1 partially overlap and that a portion of the uvrA gene is within the area of the overlap.
To obtain a higher-resolution map of the area of the D. radiodurans chromosome defined by the cosmids pKU1 and pPO1, plasmids carrying subclones of the wild-type uvrA, pol, irrB, and irrI loci were used as donor DNAs in a series of dot transformation experiments that attempted to restore either ionizing radiation resistance or mitomycin resistance to strains carrying defects at one of these loci. The results from these dot transformations are summarized in Tables 3 and 4. As indicated earlier, the 5.6-kb insert of pUE58 (1) includes a portion of the uvrA and irrB genes. Wild-type resistance to mitomycin and ionizing radiation was restored to strains 302 and IRS181, respectively, when transformed with this plasmid. pPG11 (9) carries a 5.2-kb insert that includes 1,980 bp of the 3' end of the pol gene and 1.3 kb of downstream sequence. pPG12's 1.2-kb insert encodes the final 980 bp of the pol gene and 220 bp of downstream sequence. pPG11 and pPG12 restored strain UV17 to ionizing radiation resistance. pPG11 also transformed strain 262 to mitomycin resistance. pPG12 did not, however, restore mitomycin resistance to strain 262. The uvrA locus is apparently located in the region downstream from the pol gene, placing the pol gene near the overlap between pKU1 and pPO1. The subclones located within pPO11 and pPO12 were derived from the 40-kb insert present in pPO1. pPO11 has a 14-kb insert that restores ionizing radiation resistance to the irrI and pol strains. pPO12's 5.0-kb insert transformed only the irrI strains to radioresistance.
The observations summarized in Tables 3 and 4 allowed the uvrA,pol, irrB, and irrI loci to be ordered relative to each other. The irrB and irrI genes are separated by approximately 20 kb of intervening sequence containing the uvrA and pol loci. The four loci are arranged as follows: irrB-uvrA-pol-irrI.
Survival of the irrB and irrI mutants following exposure to UV radiation. As illustrated in Fig. 4 and 5, the irrB and irrI strains of D. radiodurans exhibited sensitivity to UV light compared with strain 302, but the degree of sensitivity ob-VOL. 176, 1994 100 0 loss of viability. Survival of IRS181 cultures decreased rapidly at UV doses in excess of 300 J/m2. This enhanced lethality is observed only when the uvrA+ strain is exposed to UV light. There is no evidence of enhanced lethality when uvrA + irrB or uvrA + irrI strains are exposed to 10-1 -ionizing radiation ( Fig. 2 and 3 Cultures of D. radiodurans display an extraordinary ability to withstand the lethal effects of ionizing radiation (16) . The typical y radiation survival curve during exponential growth for this species exhibits a shoulder of resistance to 5,000 Gy in 04 which there is no loss of viability (20 deviations of duplicate experiments. All available evidence indicates that the ability of D. radiodurans to tolerate ionizing radiation is a function of the ability of this species to repair the DNA damage generated by served depended on whether or not the strain was uvrA+.
ionizing radiation, but relatively little is known about the DNA IRS18 and IRS41 were more resistant to UV exposure than repair systems of this organism. To date, only two deinococcal their uvrA' isogenotes, IRS181 and IRS411. Evidence of this proteins have been directly associated with ionizing radiation enhanced lethality was apparent at all doses examined when resistance: (i) the rec gene product, a homolog of E. coli RecA IRS411 was exposed to UV light, whereas IRS181 was found to protein (8) , and (ii) the po gene product, a homolog of E. coli tolerate exposure to UV doses of <300 J/m2 without significant DNA polymerase I (9) . Given the complexity of DNA repair in other species, it is reasonable to expect that the deinococci rely on the activity of other, as yet unidentified proteins to survive 100 * the cellular damage caused by -y radiation. (Fig. 2 and 3 Fig. 2 , this enzyme appears to play a role in the organism's survival following exposure to y radiation, especially at doses in excess of 3,600 Gy. This role is apparent only in an irrB background, suggesting that the irrB gene product and endonuclease a perform related or redundant functions. This situation is analogous to that observed for UV resistance in D. radiodurans, in which the activities of endonuclease a and endonuclease 13 overlap and inactivation of both proteins is necessary to generate a UV-sensitive mutant strain. The irrB gene product also affects survival following UV irradiation of D. radiodurans but to a lesser extent than it does survival following exposure to ionizing radiation (Fig. 4) . In addition, the extent of this protein's influence is modified by the presence of endonuclease a. IRS18 does not exhibit strain 302's characteristic shoulder of UV resistance. Instead, there is a gradual loss of viability with increasing UV doses. IRS181's survival curve parallels that of IRS18 until the accumulated dose exceeds 400 J/m2. At this point, IRS181's loss of viability is accelerated relative to that of IRS18, suggesting that the irrB gene product modifies or ameliorates a potentially lethal activity associated with the action of endonuclease a on UV-damaged DNA. These observations are difficult to reconcile with the apparent cooperative nature of IrrB and endonuclease a activity following -y irradiation.
The irr mutants, IRS41 and IRS411, are extremely sensitive to -y radiation, and the survival curves obtained for the two strains are virtually superimposable (Fig. 3) . This indicates that the functions of the irrI gene product and endonuclease a do not overlap and that inactivation of the irrl gene is sufficient to render D. radiodurans IRS.
IRS41 was only slightly more sensitive to UV than strain 302, its irrI+ parent (Fig. 5) . In contrast, IRS411 was extremely sensitive to UV light, exhibiting a dramatic reduction in survival following UV doses that are sublethal to IRS41 and strain 302. This result suggests that the irrI gene product regulates the activity of either endonuclease a or an enzymatic activity that arises subsequent to the action of endonuclease a.
In many respects, the effect of the irrI mutation in a uvrA+ background following UV irradiation is similar to the effects observed when wild-type D. radiodurans is treated with chloramphenicol prior to UV irradiation. Immediately following UV irradiation, there is evidence of extensive DNA degradation, presumably resulting from the enzymatic removal of DNA damage (15, 27) . The degradative process appears to be regulated by an inducible protein, since the administration of chloramphenicol prior to irradiation allows DNA degradation to proceed unchecked, with lethal consequences. In uvrA mutants, the lethal effect of chloramphenicol addition is not observed, indicating that chloramphenicol stops the synthesis of a protein that is down-regulating the process of DNA degradation (10) . Inactivation of endonuclease a also prevents this lethal degradation, presumably because this enzyme either catalyzes the degradation or initiates the degradative process (10) . Endonuclease a could, by incising the DNA at the site of damage, trigger the action of an exonuclease that degrades DNA until it is inactivated by a second protein. Conceptually, this type of interaction is analogous to that observed when the gam protein of phage lambda inactivates the RecBCD exonuclease of E. coli (22) . The similarities between the effects of chloramphenicol and the effects of the irrl mutation on UV resistance suggest that the irr gene product is a regulatory protein and that it may be the protein inhibited by chloramphenicol pretreatment.
If the irrI gene product is a regulatory protein involved in the control of DNA degradation following the action of endonuclease ao, then why is there no difference in the survival of IRS41 and IRS411 following y irradiation? DNA degradation does occur after y irradiation (4, 28) , and wild-type cells are more radiosensitive if pretreated with chloramphenicol. In addition, observations presented here suggest that endonuclease ao acts on ionizing radiation-damaged DNA. Since the data presented indicate that endonuclease a('s role in ionizing radiation resistance is redundant, the irrl gene product could effect an enzymatic activity that arises after the action of endonuclease ax as well as other proteins that repair ionizing radiation-induced DNA damage. If, as postulated, the irr protein inhibits an exonuclease activity, then there is no reason to assume that this exonuclease functions on substrates generated solely by endonuclease a.
Clearly, D. radiodurans has evolved a complex strategy for coping with DNA damage, and the irrB and irrI gene products are critical components in that overall strategy. Our present understanding of the physiology of D. radiodurans is too rudimentary, however, to allow us to define how the irrB and irrI gene products contribute to this organism's extreme radioresistance without further investigation.
